There has been a growing controversy regarding the continued use of glucocorticoid therapy to treat respiratory dysfunction associated with prematurity, as mounting clinical evidence has shown neonatal exposure produces permanent neuromotor and cognitive deficits. Here we report that, during a selective neonatal window of vulnerability, a single glucocorticoid injection in the mouse produces rapid and selective apoptotic cell death of the proliferating neural progenitor cells in the cerebellar external granule layer and permanent reductions in neuronal cell counts of their progeny, the cerebellar internal granule layer neurons. Our estimates suggest that this mouse window of vulnerability would correspond in the human to a period extending from approximately 20 weeks gestation to 6.5 weeks after birth. This death pathway is critically regulated by the proapoptotic Bcl-2 family member Puma and is independent of p53 expression. These rodent data indicate that there exists a previously unknown window of vulnerability during which a single glucocorticoid exposure at clinically relevant doses can produce neural progenitor cell apoptosis and permanent cerebellar pathology that may be responsible for some of the iatrogenically induced neurodevelopmental abnormalities seen in children exposed to this drug. This vulnerability may be related to the physiological role of glucocorticoids in regulating programmed cell death in the mammalian cerebellum.
1
There has been a growing controversy regarding the continued use of glucocorticoid therapy to treat respiratory dysfunction associated with prematurity, as mounting clinical evidence has shown neonatal exposure produces permanent neuromotor and cognitive deficits. Here we report that, during a selective neonatal window of vulnerability, a single glucocorticoid injection in the mouse produces rapid and selective apoptotic cell death of the proliferating neural progenitor cells in the cerebellar external granule layer and permanent reductions in neuronal cell counts of their progeny, the cerebellar internal granule layer neurons. Our estimates suggest that this mouse window of vulnerability would correspond in the human to a period extending from approximately 20 weeks gestation to 6.5 weeks after birth. This death pathway is critically regulated by the proapoptotic Bcl-2 family member Puma and is independent of p53 expression. These rodent data indicate that there exists a previously unknown window of vulnerability during which a single glucocorticoid exposure at clinically relevant doses can produce neural progenitor cell apoptosis and permanent cerebellar pathology that may be responsible for some of the iatrogenically induced neurodevelopmental abnormalities seen in children exposed to this drug. This vulnerability may be related to the physiological role of glucocorticoids in regulating programmed cell death in the mammalian cerebellum. The use of perinatal glucocorticoid (GC) therapy for the treatment of respiratory dysfunction associated with prematurity dramatically increased during the 1990s after the National Institutes of Health submitted a consensus statement recommending a single course of antenatal corticosteroids for woman at risk for premature birth. [1] [2] [3] Around this same time, numerous clinicians adopted the use of postnatal and/or more chronic courses of prenatal treatment that were not recommended in the report. 2, 4 Recently, perinatal GC therapy has been mired in controversy due to increasing concerns that it may produce neurodevelopmental abnormalities. 5, 6 Much of this concern derives from several placebo-controlled doubleblind clinical studies which have shown that neonatal GC therapy produces permanent neuromotor and cognitive deficits. 7, 8 Despite rising concerns and no clear mechanism for these impairments, GC therapy has become the standard treatment for women at risk for premature delivery and continues to be used to treat prematurely born infants. 9, 10 Previous research in this laboratory has found that several different types of drugs, although relatively innocuous in the adult brain, can produce apoptotic cell death in the developing nervous system. [11] [12] [13] Therefore, the ability of GCs to produce apoptotic cell death was studied in the immature mouse brain to address concerns about the effects of these hormones on neurodevelopment. The findings reveal that, in the mouse, a single GC injection during a developmental age that corresponds to the human perinatal period produces a previously unknown neuropathology involving the rapid and selective apoptotic cell death of the proliferating neural progenitor cells (NPCs) in the cerebellar external granule (germinal) layer (EGL) and permanent reductions in selective cerebellar neuronal populations. This GC-induced NPC death was dependent on the Puma-regulated activation of the intrinsic apoptotic death pathway and is independent of p53 expression.
Results
GC exposure induces activated caspase-3 immunoreactivity. Caspase-3 is the major caspase effector in the nervous system and the immunohistochemical detection of cleaved (i.e. activated) caspase-3 (C3A) immunoreactivity has been shown to be a sensitive indicator of apoptosis.
14 Therefore, to examine the brain for apoptotic cell death, postnatal day (PND) seven C57BL/6 mouse pups were injected with 3.0 mg/kg of the synthetic GC dexamethasone (DEX) or saline and perfused at various postinjection time points to screen the entire brain for C3A immunoreactivity. In mice perfused 4, 6, and 8 h postinjection, there was a striking increase in C3A-positive cellular profiles in the outer cerebellar EGL of DEX-treated pups when compared to saline controls (Figure 1) . At 4 h, C3A immunoreactivity revealed the affected cells to be relatively intact, but in the ensuing 4 h (i.e. 6 and 8 h postinjection intervals) they became severely fragmented. There was no increase in C3A immunoreactivity at other postinjection time points. In addition, unlike previous research in which neonatal drug exposure induces C3A immunoreactivity throughout the brain, 13 no qualitative increases could be seen in any other brain region.
To address concerns regarding DEX's limited ability to penetrate the blood-brain barrier 15 and to verify that other GCs could produce the same NPC apoptosis, the endogenous rodent GC corticosterone, which is highly permeable to the blood-brain barrier, or sesame oil vehicle was administered to PND7 C57BL/6 mouse pups. At 4 h after exposure to 10 or 5 mg/kg corticosterone, mice exhibited elevated EGL C3A immunoreactivity that appeared identical to that seen following DEX exposure. Examination of sesame oil controls displayed low levels of C3A immunoreactive NPCs similar to that seen in saline controls. These results confirm an endogenous GC highly permeable to the blood-brain barrier can produce the same pattern of degeneration as that seen with DEX exposure (data not shown).
C3A-positive cells are NPCs. As the EGL is composed of an outer proliferative zone of NPCs and an inner premigratory zone of postmitotic immature neurons, we sought to examine whether the C3A immunoreactive cells were NPCs or premigratory immature neurons through the use of double immunofluorescent detection of C3A and Ki-67 (a proliferative cell marker) 4 h after a 3.0 mg/kg DEX injection in PND7 C57BL/6 mice. Dexamethasone exposure led to C3A immunoreactive cells well within the Ki-67-defined proliferative zone of the EGL (Figure 2a ). This result confirms the C3A-positive cells are NPCs and not immature premigratory neurons.
Confirmation of apoptotic cell death. On the basis of our C3A immunolabeling, we next sought to confirm whether DEX produced NPC death by an apoptotic mechanism by using electron microscopy, the gold standard for the detection of apoptosis. Electron micrographs revealed dramatic increases in NPCs undergoing ultrastructural changes indistinguishable from physiological cell death in animals exposed to 3.0 mg/kg DEX 4 h previously (Figure 2b and c). At the 6 or 8 h postinjection time points, progenitor cells could be seen in an advanced stage of degeneration and fragmenting into cellular debris. The ultrastructural analysis of saline controls revealed very infrequent NPCs undergoing physiological cell death within the EGL at any postinjection time point. Further analysis with plasticembedded semithin sections stained with methylene blue/ Azure B revealed darkened pyknotic cells located in the superficial portions of the EGL 8 h after DEX exposure (Figure 2d ). These results confirm DEX exposure produces NPC apoptotic cell death within the EGL.
Dose-response curve. Once our initial studies confirmed GCs induce NPC apoptotic death, we sought to further examine this phenomenon by establishing a dose-response curve. C57BL/6 mouse pups were administered a single DEX injection at 3.0, 0.3, 0.1, 0.03, 0.01, 0.003, or 0.0 mg/kg on PND7 and perfused 4 h later for C3A immunohistochemistry. After semiquantitative degeneration scores were produced for each animal, an ED 50 value was defined as the dose that produced a degeneration score halfway between the minimum and maximum values on a calculated four Further examination of these data using a one-way analysis of variance (ANOVA) yielded a significant effect of dose (F(6,39) ¼ 19.3, Po0.0001), and subsequent Bonferroni's post hoc comparisons revealed that all doses 0.1 mg/kg and higher produced significant elevations in degeneration scores when compared to the saline group (Figure 3a) .
Developmental window of vulnerability. To assess the developmental window of vulnerability, C57BL/6 mouse pups were administered a single injection of either 3.0 mg/kg DEX or saline at a selected neonatal age and perfused 4 h later for semiquantitative evaluation of EGL degeneration. Due to the dramatic changes in the cerebellar morphometry and morphology during the neonatal period, it would be inappropriate to compare degeneration scores between different age groups. As a result, a one-way ANOVA was performed with a planned comparison made only between treatments within each age group. The results revealed a statistically significant difference between groups (F(9,61) ¼ 70.1, Po0.0001). A planned comparison was then performed using a Bonferroni's post hoc analysis. When compared to age matched controls, DEX administration produced no difference in degeneration scores on PND1, a time during which the EGL is a very thin layer of cells covering the cerebellum. Alternatively, DEX produced statistically significant elevations in degeneration scores on PND4 (Po0.0001), PND7 (Po0.0001), and PND10 (Po0.0001). Finally, there was no elevation in degeneration scores at PND14, a time during which much if not all of the EGL has already disappeared ( Figure 3b and  4) . The results show that there is a window of vulnerability for DEX-induced NPC apoptosis that extends from PND4 through PND10.
Cerebellar GC receptors are localized to the EGL. Previous rodent research using whole region homogenates has found the cerebellum contains the highest levels of GC receptors in the entire neonatal rodent brain. 16 Therefore, GC receptor immunohistochemistry was used to determine what subregions of the naive PND7 mouse cerebellum contain this type of receptor. GC receptor immunohistochemistry in the PND7 neonatal mouse revealed that GC receptor immunoreactivity was dramatically elevated throughout the cerebellar EGL ( Figure 5a ). In addition, lighter GC receptor immunoreactivity was seen in the Purkinje cell layer and white matter regions. To characterize this GC receptor composition in more detail, GC receptor and glial fibrillary acidic protein (a glial cell marker) immunofluorescence was combined with DAPI staining (a nuclear counterstain) to determine what subcellular regions contain GC receptors within the EGL. Immunofluorescent examination of the EGL revealed that GC receptor immunoreactivity was primarily contained within the sparse cytoplasmic regions surrounding the DAPI-defined NPC nuclei (Figure 5b ). In addition, glial fibrillary acidic protein immunoreactive Bergmann glia, which provide guidance for newly formed granule cells to migrate to the internal granule cell layer, could be seen projecting to the cerebellar pial surface. Sections containing the hippocampus and paraventricular nucleus were additionally used as positive controls and displayed a pattern of GC immunoreactivity unique to each region. Ultimately, the elevated localization of GC receptors within the NPCs of the EGL suggests that direct stimulation on the progenitors themselves may be mediating their apoptotic cell death.
Long-term consequences of GC exposure. Although we have found GC exposure produces dramatic increases in EGL NPC apoptosis, it is important to realize this proliferative region naturally disintegrates around 2 weeks of age after cerebellar neurogenesis ends. As a result, any long-term effects of GC exposure should involve a reduction in the number of neurons produced for the internal granule layer due to the premature death of NPCs in the EGL yet not affect other cerebellar regions. Therefore, to asses the long-term effects of GC exposure on the cerebellum, three groups of animals received a single injection on PND7 with saline or DEX (either at 0.3 or 3.0 mg/kg) and returned to their dam for care. At 7 weeks of age, each animal was killed and two series of brain sections were labeled with either NeuN, which selectively identifies granule cell neurons within the internal granule layer, or calbindin, which selectively labels Purkinje cells within the Purkinje cell layer were prepared. Stereological cell counts revealed that a single DEX exposure on PND7 significantly reduced the number of NeuN-positive granule cell neurons in the internal granule layer, the sole recipient of neurons produced by the EGL (Figure 6a ; F(2,20) ¼ 30.82, Po0.0001). This loss of neurons occurred in a dose-dependent fashion with a single 3.0 or 0.3 mg/kg DEX injection, reducing the average number of NeuN-positive neurons by 18 or 6% respectively, when compared to saline exposed littermates. In contrast, the number of calbindin-positive neurons in the cerebellar Purkinje cell layer, a population of cerebellar neurons formed prior to birth by a different proliferative region and whose numbers are not affected by reductions in internal granule layer neurons, 17 was not altered by exposure to DEX ( To obtain preliminary evidence about whether this DEXinduced pathology is associated with persisting behavioral deficits, PND7 C57BL/6 mice were exposed to 3.0, 0.3, or 0.0 mg/kg DEX and evaluated on a 1-h locomotor activity/ exploration test on PND24. Groups differed significantly in terms of rearing (F(2,67) ¼ 3.83, Po0.05), and subsequent comparisons showed that differences were mostly due to the 3.0 mg/kg DEX group exhibiting significantly fewer rearings compared to saline controls (Po0.025), whereas the 0.3 mg/ kg DEX group did not differ from the control mice (Figure 6c) . No significant group differences were found on any other activity variable (Figure 6d-h ).
Intracellular signaling mechanisms. To begin to define the molecular pathways regulating DEX-induced NPC apoptosis, we examined the effects of 3.0 mg/kg DEX on PND7 mice with targeted gene disruptions in specific apoptosis-associated genes and their wild-type (WT) littermates. Apoptosis can be triggered either through the mitochondrial-dependent intrinsic apoptotic pathway or the cell death receptor-mediated extrinsic apoptotic pathway. 18 The intrinsic pathway is critically regulated by Bax and Bak that are multi-BH domain, proapoptotic members of the Bcl-2 family. Mice deficient in Bax and Bak exhibit expanded NPC populations in the postnatal brain indicating that programmed cell death of NPCs is normally regulated by the intrinsic apoptotic death pathway. 19 Bax, Bak dual-deficient NPCs are markedly resistant to a wide variety of death stimuli both in vivo and in vitro. Similar to saline injected WT mice, DEXinjected Bax, Bak dual-deficient PND7 mice showed no evidence of cerebellar EGL apoptosis by histological analysis and C3A was undetectable by both immunohistochemical staining of cerebellum (Figure 7a and c) and western blot of cerebellar extracts (Figure 8 ).
Previous studies of DEX-induced apoptosis of lymphocytes indicate that Puma (p53 upregulated mediator of apoptosis), a BH3-only proapoptotic member of the Bcl-2 family, is a key upstream regulator of DEX-induced lymphocyte death. 20 To Puma expression is typically regulated by p53 transcriptional activity. However, DEX-induced apoptosis of lymphocytes occurs independently of p53 and Puma expression may be upregulated by other transcription factors. 20 Thus, we examined the effects of DEX on cerebellar EGL NPCs in p53-deficient PND7 mice. Dexamethasone-induced caspase-3 activation (Figure 8 ) and NPC apoptosis were unaffected by p53 deficiency. These results suggest that Puma acts independently of p53 to regulate DEX-induced NPC apoptosis. To further test this hypothesis, we compared the effects of the genotoxic agent, cytosine arabinoside (AraC), which we have previously shown acts through p53-dependent transcriptional upregulation of Puma expression, with those of DEX in WT and Puma-deficient PND7 mice. 21 WT cerebellar NPCs show significantly increased C3A (which we have described previously 21 ) and p53 immunoreactivity following AraC exposure (Figure 9 ). In comparison, Puma-deficient cerebellar NPCs exposed to AraC show minimal C3A immunoreactivity but markedly increased nuclear p53 immunoreactivity consistent with Puma lying between p53 and caspase-3 in a linear apoptotic death pathway. In contrast to AraC, DEX exposure failed to affect p53 immunoreactivity in either WT or Puma-deficient cerebellar NPCs indicating that p53 is uninvolved in this alternative Puma-dependent apoptotic death pathway (Figure 9 ).
Discussion
The NPCs of the EGL produce granule cell neurons for the cerebellar internal granule layer, a homogeneous population of neurons so numerous they represent over half the neurons in the brain. 22 Here we show that there exists a previously unrecognized window of vulnerability during which a single GC injection produces rapid and selective apoptotic cell death in the NPCs of the EGL. Previous research has established that manipulating an exponentially expanding population of NPCs through apoptosis can affect neurodevelopment by dramatically changing the amount of neurons a proliferative region can produce. [23] [24] [25] As changes in cell size and shape can bias neuronal counts when done with typical crosssectional counting, we used unbiased stereology, a counting methodology not influenced by such changes, to examine the effects of GC exposure on cerebellar neuronal counts for the first time. Our unbiased stereological cell counts show that this same GC exposure produces permanent decreases in the number of NeuN-positive granule cells in the internal granule layer but no changes in the number of calbindin-positive Purkinje cells, an adjacent cerebellar layer whose neurons are produced by a separate proliferative layer.
Clinical implications. Due to the high degree of conservation in cerebellar anatomy, function, and development between the mouse and human, 26 a similar toxicity may occur following GC exposure in the human perinatal clinical setting. As extrapolating developmental periods from rodents to humans can vary notably dependent on brain region, normalized EGL thickness ratios were used to more accurately estimate an equivalent human window of vulnerability based on our results. Using our mouse developmental window of vulnerability extending from PND4 through PND10, we calculated an equivalent human developmental period would extend from approximately 20 weeks gestation to 6.5 weeks after birth ( Figure 10 ). As the fetus is not considered viable outside the womb prior to 20 weeks gestation, this window of vulnerability, if correct, would include all fetuses receiving the prenatal corticosteroid therapy recommended by the National Institutes of Health for women at risk for premature birth, 1,2 all prematurely born infants, and extend to the early neonatal period in full-term newborns. In the postnatal clinical setting, DEX dosing regimens typically range from 0.25 to 1.0 mg/kg and can be given twice daily for up to a month at a tapering dose. 7, 8 Our results show that a single injection of DEX produces EGL degeneration with a calculated ED 50 of 0.069 mg/kg, leads to statistically significant elevations in Figure 5 Glucocorticoid (GC) receptor immunoreactivity in the cerebellum. (a) GC receptor immunohistochemistry in the postnatal day (PND) 7 mouse pup shows high levels of immunoreactivity in the external granule layer (EGL), moderate levels in the Purkinje cell layer (PCL), and white matter (WM) regions, and low levels in the molecular layer (ML) and internal granule cell layer (IGL). Inset reflects magnified views of boxed region. (b) Fluorescent immunolabeling reveals GC receptor immunoreactivity (green) in the sparse cytoplasmic regions surrounding the DAPI-labeled (blue) nuclei in addition to glial fibrillary acidic protein (red) immunoreactive Bergmann glia degeneration scores at all doses tested above this ED 50 , and produced permanent decreases in NeuN-positive granule cells at or above 0.3 mg/kg. According to previously published rodent research, these doses are considered well within the clinically relevant range for neonatology and obstetrics. 27 Of equal importance, iatrogenically induced cerebellar dysfunction 28 may explain some of the neuromotor and cognitive deficits described in prematurely born human neonates exposed to chronic GC dosing regimens, 7, 8 as clinical research has firmly established that cerebellar pathology can produce both neuromotor and cognitive dysfunction. 28 Consistent with this hypothesis, we found that neonatal DEX can lead to persistent deficits in rearing on the 1-h locomotor test, a finding often observed in ataxic mice. Although decreased rearing may result from alterations in exploratory behaviors, it probably reflects hindlimb impairments as the groups did not differ on any other activity variable. More extensive behavioral testing is needed to clarify the exact nature of the deficit. As a result, these findings raise new questions about the safety of GCs as rates of premature birth have dramatically increased in recent years 29 and GC therapy has become the standard treatment for women at risk for premature birth. 10 Glucocorticoids and cerebellar neurodevelopment. The extremely selective susceptibility of the EGL NPCs to apoptotic cell death following neonatal GC exposure distinguishes it from other types of drug-induced cell death we have found [11] [12] [13] and may suggest this hormone plays a special role in cerebellar development. If true, this may explain the intimate timing and control the rodent body maintains over endogenous GC exposure to the EGL. For instance, when EGL NPCs are expected to undergo extensive expansion and proliferation, they are protected from GC stimulation by low amounts of endogenous corticosterone release 16, 30 and high levels of a GC metabolizing enzyme selectively protecting the EGL NPCs. 31, 32 As EGL neurogenesis nears completion and the NPCs are no longer needed, increased GC release and reductions of this same enzyme conspire to increase stimulation on the high density of GC receptors in the EGL. This information, when combined with our finding that GC exposure produces NPC apoptosis, may suggest that changes in proliferation and the disappearance of the EGL may be due, at least in part, to the increased endogenous GC stimulation and its resulting apoptosis. Ultimately, a regulatory role for GCs may not be surprising because previous research has established that endogenous GCs can regulate apoptosis in other cell populations 33 or act as a perinatal maturational signal in multiple organ systems. 34 Intracellular signaling mechanisms. Our studies of DEXinduced NPC apoptosis emphasize the complex and stimulus-specific nature by which NPC apoptosis is triggered. GCs show a variety of cell type-specific pro-and antiapoptotic effects and the molecular pathways that regulate these disparate actions are complex. Interestingly, DEX-induced death of lymphocytes and NPCs appear to follow a similar molecular sequence involving p53-independent, Puma-dependent activation of the Bax, Bak-dependent intrinsic apoptotic death pathway. Although Puma deficiency significantly inhibited caspase-3 activation and NPC apoptosis, this effect was not as pronounced as that produced by Bax, Bak dual deficiency suggesting that still other members of the BH3-only Bcl-2 subfamily may be involved in triggering GC-induced NPC apoptosis. It was recently reported that DEX-induced lymphocyte apoptosis may involve both Puma and Bim. 35 We speculate that Bim, or still other members of the BH3-only subfamily such as Noxa, may contribute to DEX-induced NPC apoptosis. Figure 8 Dexamethasone (DEX)-induced caspase-3-cleavage is dependent on Puma and Bax/Bak expression but not p53. Postnatal day 7 pups were injected with 3.0 mg/kg DEX (D) or saline (S), killed 8 h later, and cerebellar lysates prepared. Treatment with DEX significantly increased levels of activated caspase-3 (C3A) in wild type (WT) and p53À/À brains but did not increase C3A levels in PumaÀ/À or Bax/BakÀ/À brains. b-Tubulin was used as a loading control. C3A levels were significantly reduced in PumaÀ/À and Bax/BakÀ/À mice treated with DEX in comparison to WT DEX-treated mice. Western blot data are represented graphically (mean ± S.E.M.) as the fold change in ratio of C3A to b-tubulin relative to salinetreated controls. Results are representative of three littermate pairs (WT and knockout, KO) for each gene disruption (p53, Puma, and Bax/Bak). *Po0.05 versus saline control; **Po0.05 versus wild-type DEX treated Concluding remarks. In this paper, we describe the existence of a previously unrecognized window of vulnerability during which exposure to clinically relevant doses of GCs can produce rapid cerebellar brain degeneration within hours after exposure. Although more work needs to be done to confirm our cerebellar toxicity occurs during the human perinatal period, the striking similarities to the rodent cerebellar anatomy, function, and neurodevelopment 26 suggest caution should be used when administering GCs in the perinatal clinical setting. It should be noted that previous research has found that prolonged increases in GC levels can lead to neurodegeneration in the hippocampus. But, whereas our NPC apoptosis occurs within hours, this hippocampal neurotoxicity occurs only after weeks to months of exposure. 36 Finally, the results of this research may suggest endogenous GCs play an important neurodevelopmental role in cerebellar development by regulating NPC apoptosis. If true, this would be an important finding as there is a keen interest in the discovery of novel endogenous extracellular signaling mechanisms that regulate NPC apoptosis. [23] [24] [25] Materials and Methods Animals and drugs. C57BL/6 mice (Harlan, IN, USA) at PND7 were used in all experiments unless otherwise indicated. All animal care procedures were in accordance with standards approved by the Washington University Animal Studies Committee or the University of Alabama at Birmingham Institutional Animal Care and Use Committee. Generation of Bax/Bak 37 and Puma 20 knockout (KO) mice have been described previously. p53 KO mice were purchased from Taconic (Germantown, NY, USA).
Dexamethasone was administered intraperitoneally using the preservative-free prodrug dexamethasone sodium phosphate USP (Voigt Global Distribution LLC, Lawrence, KS, USA), the water soluble inorganic ester of DEX typically used clinically. All dexamethasone sodium phosphate concentrations are expressed as molar equivalents to DEX. Corticosterone was obtained from Sigma-Aldrich (St. Louis, MO, USA). The vehicles for DEX and corticosterone were saline USP and sesame oil, respectively. All drugs were administered at 10 ml of vehicle per gram weight of animal. Unless otherwise indicated, following all drug treatments, animals were maintained for 2-12 h in a separate cage from the mother at an ambient temperature of 301C until perfusion.
Immunohistochemistry. For all immmunohistochemistry, animals were deeply anesthetized, transcardially perfused with 4% paraformaldehyde in 0.1 M Tris buffer, and the brains removed for postfixation and sectioning at 75 mm in the sagittal plane using a vibratome. Sections were quenched using a methanol solution containing 3% hydrogen peroxide for 15 min, placed in a blocking solution (2% BSA, 0.2% milk, 0.1% Triton X-100 in PBS) for an hour, and incubated in primary antibody overnight. The next morning, sections were placed in secondary antibody and reacted with ABC reagents (standard Vectastain ABC Elite Kit, Vector Laboratories, Figure 9 Cytosine arabinoside (AraC)-induced neural progenitor cell (NPC) death increases p53 immunoreactivity unlike dexamethasone (DEX)-induced NPC death. Wild-type and Puma-deficient mice were injected with DEX (3.0 mg/kg) or AraC (25 mg/kg) and killed 6-8 h later. Wild-type and Puma-deficient cerebellar NPCs exposed to AraC exhibited increased p53 immunoreactivity (red) in comparison to saline-treated brains. DEX had no effect on p53 immunoreactivity in either WT or Puma-deficient NPCs. Nuclei are labeled blue with bisbenzimide. Scale bar: 20 mm Figure 10 Estimation of an equivalent developmental window of vulnerability in the human. On the basis of our mouse window of vulnerability for DEX-induced NPC apoptosis that extends from postnatal day (PND) 4 through PND10 (light shading), a corresponding developmental period in the human was estimated (dark shading) based on the normalized thickness of the external granule layer (EGL) in the human and mouse. The results suggest a corresponding developmental window of vulnerability would extend from approximately 20 weeks gestation to 6.5 weeks after birth Burlingame, CA, USA) for an hour in each solution. Finally, the sections were incubated in VIP reagent (Vector VIP substrate kit for peroxidase, Vector Laboratories) to visualize immunoreactivity. For immunofluorescence, sections were placed in blocking solution for an hour, placed in monoclonal/polyclonal primary antibodies overnight, and incubated for an hour in secondary antibodies for fluorescent tagging. Photocomposites were combined in Photoshop primarily using the Photomerge function. Electron microscopy/semithin sections. For all electron microscopy and semithin sections, animals were deeply anesthetized and perfused with a fixative containing 1.5% glutaraldehyde and 1% paraformaldehyde. The brains were coronally cut into 1 mm slabs, osmicated overnight in 1% osmium tetroxide, dehydrated in graded ethanols, cleared in toluene, and embedded in araldite. Semithin sections (1-mm thick) were cut using glass knives on a MT-2B Sorval ultratome, heat dried, and stained with methylene blue/Azure B. For electron microscopy, ultrathin sections were cut with a diamond knife on a Leica Ultracut UCT ultramicrotome, suspended over a formvar-coated slot grid, stained with uranyl acetate and lead citrate, and visualized using a JEOL 100CX transmission electron microscope (Peabody, MA, USA).
Semiquantitative evaluation of EGL degeneration scores. Semiquantitative degeneration scores were established to produce a dose-response relationship and to evaluate a developmental window of vulnerability. An EGL degeneration score was evaluated for each animal by examining cerebellar sections from several different sagittal levels. A single rater, blind to treatment, examined all regions of the EGL for C3A immunoreactive profiles, and semiquantitatively evaluated the extent of degeneration based on the following scale. Scales 0, no apoptotic profiles are seen in all EGL regions; 1, apoptotic profiles are only seen in a minority of EGL regions; 2, apoptotic profiles are seen in a majority of EGL regions; 3, apoptotic profiles are seen in all regions of the EGL.
Estimation of an equivalent human developmental window of vulnerability. On the basis of our mouse developmental window of vulnerability, an equivalent period was extrapolated for the human based on normalized EGL thickness ratios from both species. To achieve this, the thickness of the EGL at different developmental periods was plotted as a normalized ratio to maximal thickness based on previously published research in the human 38 and mouse. 39 To graph this data, it was assumed that a human full-term birth occurs at 37 weeks of pregnancy and the period of synaptogenesis ends at 2 weeks or 2 years after birth in the mouse or human, respectively. Finally, based on our rodent window of vulnerability, an equivalent period in the human was calculated based on equal normalized EGL thickness ratios between species.
Stereology. To assess cerebellar neuronal counts, two series of cerebellar sections were chosen in a systematic random fashion from each brain. One series was immunohistochemically labeled for NeuN whereas the other was labeled for calbindin. The intersection interval, counting frame size, and distance between counting frames was adjusted so that a reasonable number (approximately 200) of degenerating cells were sampled. The optical fractionator method was used to provide an unbiased estimate of the total number of NeuN immunoreactive internal granule cells and calbindin immunoreactive Purkinje cells. Stereologic counting and estimates were done with the aid of Stereoinvestigator version 7.5 (MicroBrightField Inc., Colchester, VT, USA). A one-way repeated measures ANOVA was used for analyzing cell counts for each layer using the cell count as the dependent variable, drug treatment as the independent factor, and litter as a repeated measure. Significant F-ratios were followed by a Bonferroni's post hoc comparison to determine significant differences between drug treatments.
Behavioral locomotor activity and exploration test. Mice were evaluated during the early postweaning period (PND24) over a 1-h interval in transparent (47.6 Â 25.4 Â 20.6 cm high) polystyrene enclosures using previously published methods. 40 Each enclosure was surrounded by a frame containing a 4 Â 8 matrix of photocell pairs, the output of which was fed to an online computer (Hamilton-Kinder, LLC, Poway, CA, USA). The system software defined a 33 Â 11 cm central zone, and a peripheral zone (5.5 cm wide) surrounding the entire perimeter of the cage with the sides of the cage being the outermost boundary. Variables that were analyzed included the total number of ambulations, as well as the number of entries, time spent, and distance traveled in the center area, and the distance traveled in the periphery. Rearing was quantified using another frame containing pairs of photocells that was raised 8.2 cm above the floor of the enclosure.
Intracellular signaling mechanisms. Equal amounts (25 mg) of cytosolic lysates were resolved by SDS-PAGE and transferred to PVDF. Blots were blocked in 5% milk in wash buffer (200 mM Tris Base, 1.37 M NaCl, 1% Tween 20, pH7.6) for 1 h, followed by overnight incubation with primary antibodies (C3A, Cell Signaling Technology Inc. and b-tubulin, Santa Cruz Biotechnology). After incubation, blots were washed with wash buffer, and then incubated with horseradish peroxidase conjugate secondary antibody (goat anti-rabbit immunoglobulin G, Bio-Rad Laboratories, Hercules, CA, USA) for 1 h at room temperature. Cleaved caspase-3 was detected using Supersignal chemiluminescence (Pierce Biotechnology, Rockford, IL, USA) and b-tubulin was detected by ECL (Amersham, Piscataway, NJ, USA). Western blots were scanned into Adobe Photoshop and digitized with UN-SCAN-IT software, version 6.1 (Silk Scientific, Orem, UT, UDA). For western blot experiments, involving quantification, the mean ± S.D. was determined from at least three independent experiments, with an 'n' of one representing one WT saline treated, WT Dex treated, or KO Dex treated. Effects of genotype and treatment were analyzed for significance using two-way ANOVA, followed by Bonferroni's test for pair-wise comparisons. In all cases, a P-value of less than or equal to 0.05 was considered significant.
